The possibility of identification of an observable CMS µ + µ − excess at 28 GeV in the channel pp → µ + µ − bb at √ s=8 TeV and 13 TeV as a manifestation of one of the minimal supersymmetric standard model (MSSM) Higgs bosons is investigated. The MSSM parametric scenarios in the regime of large threshold corrections involving lowmass CP-odd scalar, a 125 GeV CP-even scalar and other Higgs bosons with suitable masses are found, where the alignment limit conditions for the Higgs couplings are respected. Perturbative unitarity bounds and constraints on the electroweak vacuum stability are discussed in the regime of substantial couplings with the top-and bottom superpartners. LHC phenomenology including top-quark decay in such a regime is analyzed.
INTRODUCTION
Recently the CMS experiment published results of a search for resonances decaying to a muon pair in the mass 12-70 GeV produced in association with a b quark jet and an additional jet [1] . The analyses are based on data from pp collisions at √ s =8 TeV and 13 TeV corresponding to integrated luminosities of 19.7 and 35.9 fb −1 , respectively. Two specific event categories were analyzed, first category includes a b quark jet with rapidity |η| <2.4 and at least one forward jet |η| >2.4 while second category events are required to have two jets with |η| <2.4, one of them is a b quark jet and no forward jets at |η| >2.4. At √ s =8 TeV an excess of µ + µ − events is observed at the dimuon invariant mass 28 GeV with local signal significances 4.2 and 2.9 standard deviations for the first and second event categories, respectively. Reconstructed cross sections of the excesses are 4.1 ± 1.4 fb and 4.2 ± 1.7 fb for these categories. At √ s =13 TeV the first event category demonstrates an excess of 2.0σ (cross section 1.4 ± 0.9 fb), while the second event category results in a 1.4σ deficit (−1.5 ± 1.0 fb). In the following a search for the MSSM scenarios including light CP-odd scalar A with mass 28 GeV in combination with CP-even Higgs boson with mass 125 GeV which could be identified as a resonance observed by ATLAS and CMS Collaborations [2, 3] with properties consistent [4, 5] with predictions of the Standard Model (SM), and three heavy enough bosons of the MSSM Higgs sector (heavy CP-even boson H and charged Higgs boson H ± ) will be performed. Although the possibility of a light CP-odd Higgs boson in the commonly considered MSSM scenarios is excluded, the situation can be changed dramatically when higher-dimensional operators in the Higgs sector are taken into account [6] . At present time combined results of ATLAS and CMS Collaborations at √ s =7 and 8 TeV [4, 5] and recent results at √ s = 13 TeV [7, 8] for the Higgs boson production cross sections and decay rates still leave a room for meaningful contributions of physics beyond the SM. The MSSM mass spectrum of the Higgs sector which is defined at the tree-level by the parameters m A (the CP-odd Higgs boson mass) and tan β = v 2 /v 1 (the ratio of vev's in the Higgs isodoublets) [9, 10] , is strongly influenced by radiative corrections coming (in the natural MSSM scenarios) from the side of the third generation SM fermions (top-and bottomquarks) and scalar quarks. Mass spectrum of scalars must respect both the theoretical and experimental constraints, which are perturbative unitarity, vacuum stability, alignment limit for the scalar couplings from the theoretical side and model-independent experimental limits for the H ± and H masses [11] which are m H ± > 80 GeV, m H > 92. 8 GeV. Most recent model-dependent constraints from radiative B-meson decays give stronger limits for m H ± [12] . Searches for a light pseudoscalar have been performed recently also in final states with τ + τ − produced in association with a bottom quark [13] (see also [14] ) and in final states with a single photon and missing energy [15] . Corresponding upper limits in τ + τ − invariant mass range of 25-70 GeV at 95% confidence level are from 250 pb to 44 pb [13] .
A significant interest in dimuon resonance at 28 GeV was shown in a recent study of the muon anomalous magnetic moment [16] , where a new resonance could explain the deviation of the measured (g − 2) µ from the SM value. A recent detailed study of possible searches for light Higgs bosons at the high luminosity LHC in the framework of the next-to minimal supersymmetric standard model (NMSSM) can be found in [17] . Nine-dimensional parameter space of the semi-constrained NMSSM provides greater freedom of choice in comparison with five-dimensional MSSM parameter space studied below, when the only candidate to explain the dimuon excess is the CP-odd Higgs boson.
In this paper the possibilities of the existence of the low mass pseudoscalar in the twodoublet MSSM Higgs sector are discussed. The paper is organized as follows. In Section 2.1 some examples of the effective couplings structure in the effective Higgs potential are given. Perturbative unitarity and vacuum stability constraints are discussed in Section 2.2. Numerical results in the frameworks of several MSSM parametric scenarios (the so-called benchmark scenarios [18] ) evaluated for a number of benchmark points are discussed in Section 3. We provide a summary of these results in Section 4.
EFFECTIVE FIELD THEORY FRAMEWORK

Effective couplings structure
Calculations of the two-doublet potential were performed using the effective potential method. The effective Higgs potential in the Coleman-Weinberg framework [19] can be presented as a sum of terms of all orders of perturbation theory
where
are Higgs doublets with the SU(2) field states and 
i.e. A t,b and µ range is of the order of a few TeV or more in combination with moderate M S at the TeV scale. Such a situation is rather unusual in most of the MSSM scenarios. Radiative corrections to parameters λ i , i=1,...7 in the effective field theory framework have been analyzed in Refs. [20] [21] [22] [23] [24] [25] [26] [27] . Radiative corrections to the parameters κ i , i =1,...13 in the approximation of degenerate squark masses have been obtained in Ref. [28] . An example of the one-loop RG-improved threshold correction structure for λ 1 and the threshold correction for κ 1 in the form which uses A t,b, /M S and µ/M S power terms is
where l ≡ ln
are the Yukawa couplings. One can notice inspecting such explicit forms that radiative corrections ∆κ thr begin to play a significant role if the conditions (6) are true.
All Higgs masses acquire additional contributions coming from λ i and κ i (see [28] ). For example, the charged Higgs boson mass is shifted from the tree-level value by ∆λ 4,5 and κ i , i=5,6,7,9,10,11
Perturbative unitarity and vacuum stability
Rather unusual A t,b and µ parameters range of a few TeV simultaneously raises questions about perturbative unitarity of the model and vacuum stability in such a regime. A discussion of the perturbative unitarity constraints [29] in the two-Higgs doublet model can be found, for example, in Refs. [30, 31] . For a single 2→2 scattering amplitude they are imposed by an analysis in terms of the partial wave decomposition
where s is a Mandelstam variable, P l are Legendre polynomials and a l is the partial amplitude. From the differential cross section formula in the massless limit dσ/dΩ = |M| 2 /64π 2 s, it follows that
so the optical theorem for σ gives the unitarity constraint for the real part of the amplitude
at tree level. This condition must be satisfied by any eigenvalue x i of the scattering matrix derived by including all possible combinations of scalars in the initial and final states. The general structure of a matrix form for the MSSM can be found in [32] . General unitarity calculations for the case of the two-Higgs doublet model (THDM) are performed using the inverse expression of (10)
for the s-wave amplitude a 0 (s). In the four-scalar channel H 1 H 2 → H 3 H 4 in the massless limit one can get a 0 (s) < V 4 (H 1 H 2 H 3 H 4 )/16π in the limit s → ∞ 1 , where V 4 is the quartic vertex, t, u-channel diagrams with the triple vertices of scalars V 3 (H 1 H 2 H 3 ) are omitted. It follows that an approximate unitarity constraint for the quartic coupling is V 4 (H 1 H 2 H 3 H 4 ) < 8π. In the general case of numerous quartic contributions to 2→2 channels, a tree-level scattering matrix for scalars is constructed in the mass basis and diagonalized imposing then constraints on the eigenvalues [29] . This procedure can be performed [30, 31] in the THDM basis of SU(2) states if it is related to the mass basis by a unitary transformation. Computation of the two-body elastic scatterings of Nambu-Goldstone bosons and physical Higgs bosons for the general THDM and the analytic formulae for the block-diagonalized S-wave amplitude matrix
can be found in [33] . The eigenvalues of submatrices X 4×4 , Y 4×4 , Z 3×3 must respect the unitarity bound |Re(x i )| < 1
In the general case, analytic expressions for the eigenvalues x i are very complicated, so the following analysis will be performed numerically. Note that perturbative unitarity constraints for the one-loop effective potential of the MSSM decomposed to the dimensionfour effective operators [32] are weaker than the vacuum stability bounds. Recent analyses of the vacuum stability of the MSSM electroweak (EW) vacuum carried out with non-zero vacuum expectation values of SUSY fields, performed by means of the polynomial homotopy continuation method [32, 34] , uses the stability criterion which is realized if the deepest minimum of the effective potential V = V F + V D + V sof t coincides with the EW minimum (here V F comes from the superpotential, V D comes from the gauge structure of the model, V sof t includes soft SUSY breaking terms). An approximate bound used to judge whether a parameter point might be sufficiently long-lived (a 'heuristic' bound [34] 
This bound is obtained for the dimension-four potential terms. The case of electroweak minimumum of the Higgs potential decomposed to dimension-six effective operators was discussed in [35] .
NUMERICAL ANALYSIS
The numerical analysis is performed in a framework of the EFT approach with radiative corrections to the Higgs sector calculated in Refs. [25, 26, 28] , where all non-SM particles share a common mass M S and the effective theory below this scale is the THDM. Using the five-dimensional MSSM parameter space practically identical to the parameter space of the natural MSSM benchmark scenarios [18] , radiative corrections to λ i i=1,...7 and κ j , j=1,...13, are evaluated using the set (m A , tan β, M S , A t,b , µ). This scan of the MSSM parameter space allows one to find a number of benchmark points which respect the following requirements: (A) The mass basis for the Higgs bosons exists. In other words, after diagonalization squared masses of the scalars are positively defined. A detailed analysis can be found in [6] . In the EFT framework masses of Higgs bosons are evaluated as eigenvalues of mass matrices containing all factors in front of the lagrangian terms of dimension two in terms of SU(2) fields. In some regions of the MSSM parameter space, negative eigenvalues of mass matrices can appear so the mass basis of physical scalars may not exist. Note that masses of CP-even bosons h and H do not depend on mixing angle α in the diagonalization procedure that we are using.
(B) Yukawa couplings respect the alignment limit [36, 37] . In other words, observable couplings of the Higgs boson with mass 125 GeV are SM-like, i.e. g Φuu ≈ g Φdd ≈ g ΦV V ≈ 1, where Φ is h or H. The couplings of Φ with SM quarks and gauge bosons are presented below. One can see that h-alignment limit is realized if β −α ≈ π/2, while the H-alignment limit is valid if β ≈ α. The condition for h-and H-alignment limits valid simultaneously is tan 2α ≈ tan 2β. Note here that mixing angle α is an input parameter of the model
specified by equation
and is restricted by region −π/2 < α < 0. Here ∆M ij denote radiative corrections to the mass matrix, m A (m Z ) is the mass of pseudoscalar boson (Z-boson).
(C) S-wave partial amplitudes for the quartic couplings of Higgs bosons are restricted from above respecting the perturbative unitarity constraint.
(D) Electroweak vacuum stability is respected.
Selection of model parameters
Selection of model parameters that respect the requirements (A) and (B) was made as follows: when the CP-odd scalar mass is fixed at m A =28 GeV, for some (M S , tan β) set taken fixed we scan (A t,b , µ) parameter space to find benchmark points (BP's) when the mass of either h or H is equal to 125 GeV in the alignment limit. Parameter sets for basic BP's which we are using in the following cross section calculations are shown in Table 1 . It is possible to find such (A t,b , µ) sets at M S of about 2 TeV and tan β around 2-5 for m h =125 GeV only (i.e. only h-alignment limit exists). The corresponding parameter sets (selected benchmark points) are shown in Table 2 . The remaining H and H ± bosons are not decoupled having masses of around 130 -150 GeV. It is important to note that for M S of the order of 2 TeV and small tan β ∼ 2-5 it is possible to select suitable parametric sets only for the case of Higgs potential decomposition up to the dimension-six effective operators. In this case A t,b , µ respect Eq.(6), see also Table 2 .
The masses of five Higgs bosons, couplings, the eigenvalues given by Eq.(16) and the check of EW vacuum existence are presented in Table 3 . One can see that while the EW vacuum exists, the condition (17) is near the limit of execution. Satisfactory fulfillment of the perturbative unitarity conditions can be taken into account keeping in mind a number of approximations made at their derivation. Table 2 : Benchmark points (BP's) used for cross-section calculations. m A =28 GeV, m h =125 GeV in the alignment limit. BP tan β M S (GeV) A t,b (GeV) µ (GeV)  1  2  2000  8800  5320  2  3  2000  7820  6450  3  5  1000  3385  5040  4  5  2000  6690  7960 Table 3 : Masses of Higgs bosons, couplings, eigenvalues, see (16) and EW vacuum existence for BP's in Table 2 , 
Cross section calculations
As already mentioned in the Introduction, in the CMS study of a new signal [1] at the invariant mass of 28 GeV two event categories were analyzed, with forward jet (SR1 event category) and without forward jet (SR2 event category), see details of event selection in [1] , Table 1 . So two sets of kinematical cuts corresponding to these categories are used in the following evaluations. Basic set corresponding to the CMS selection cuts is
Muons :
In order to understand the yield of irreducible background diagrams and the sensitivity of signal separation, the following phase space cuts for the signal and signal+background diagrams of the process pp → µ + µ − bb were imposed: Cut-D: complete tree level set of diagrams is calculated, phase space cuts are imposed for SR2 event category.
Cut-E: complete tree level set of diagrams is calculated, phase space cuts are imposed for SR2 event category, 25 GeV ≤ m µ + µ − ≤ 32 GeV.
Complete tree-level calculations for the process pp → µ + µ − bb (13 partonic subprocesses) made by means of CompHEP package [38] , where the MSSM model is modified by adding dimension-six operators, demonstrated that the main contribution to the signal is given by gluon-gluon subprocess gg → bbA with the following decay A → µ Tables 4 and 5 where practically signal only diagrams contribute, coincide well with the infinitely small width approximation pp → bbA × BR(A → µ + µ − ) presented for corresponding cuts in Table 4 . 'Cut-C', 'Cut-D' and 'Cut-E' cross sections for complete tree level set of 2→4 diagrams with A, photon and Z-boson intermediate states include large flat background on which there is a small signal peak. They are sensitive to the invariant mass cut for m µ + µ − when mostly background diagrams contribute, as one can see by comparing results for 'Cut-D' and 'Cut-E'.
It is useful to compare theoretical evaluations in such a parameter regime with current experimental constraints imposed on the interaction of top quark with charged Higgs boson. As soon as m H ± < m top for all BP's (see Table 3 ), the main H ± production mechanism is top-quark decay to b and H + . In the hadronic decay mode H + → cs which is dominant for tan β < 5 the upper limit on the level of 1-5% (95% CL) has been set by the ATLAS experiment on BR(t → H + b) assuming that BR(H + → cs)=1 at the energy √ s=7 TeV [39] . Branhching ratios of the process t → bH + are 5.4% and 2.6% for BP1 and BP2, correspondingly. However, for our specific scenario the main decay of charged Higgs boson 
SUMMARY
In conclusion we summarize the results of 28 GeV µ + µ − excess identification in the CMS data as the MSSM CP-odd Higgs boson. Additive one-loop threshold corrections coming from dimension-six effective operators are taken into account under the assumption that the relevant radiative corrections to the Higgs boson masses come from stop-and sbottom sectors. It was found that the MSSM Higgs bosons could be rather light, near the electroweak scale that corresponds to the non-decoupling regime. The following conclusions can be drawn from a scan of the MSSM parameter space and cross section calculations -light pseudoscalar with the mass M A =28 GeV can be embedded in the two-doublet MSSM Higgs sector extended by dimension-six effective operators respecting the alignment limit for h(125 GeV) state in a rather specific range of parameter space, when the superparticle mass scale is around 1-2 TeV, tan β ∼ 2-5 and soft SUSY breaking parameters A t,b , µ are large, from 3 TeV to 9 TeV; -such range of the MSSM parameter space is at the limit of fulfillment of the vacuum stability and perturbative unitarity conditions;
-due to appearance of the decay channel h → AA, the total width Γ h of h(125 GeV) state becomes of the order of 1 GeV. Experimental precision on Γ h from on-shell measurements [41] of the width corresponds to this value which is, however, worse than the bound from the analyses beyond the infinitely small width approximation [42] made under the assumption of the SM coupling structure. Cross section calculations at the tree level for the partonic level signal in pp → µ + µ − bb at the energies √ s =8 and 13 TeV give signal cross sections by a factor of 2-5 smaller than the experimentally observed cross section of a few fb;
-at the same time, numerical estimations based on charged Higgs boson production due to top quark decay are in agreement with current LHC constraints.
